Abstract. Purpose: The aim of this study was to investigate the effects of atrophy correction on the results of 18 Ffluorodeoxyglucose positron emission tomography (FDG PET) in the context of normal aging. Methods: Before the human study was performed, a Hoffman 3D brain phantom experiment was carried out in order to validate a newly developed correction method for partial volume effects (PVEs). Brain FDG PET was then performed in 139 healthy Japanese volunteers (71 men, 68 women; age 24-81 years). PET images were corrected for PVEs using grey matter volume, which was segmented from co-registered magnetic resonance images and convoluted with the spatial resolution of the PET scanner. We investigated the correlation between advancing age and relative regional FDG activity, which was normalised to the global activity before and after PVE correction using Statistical Parametric Mapping 99. Results: The PET image, when corrected for PVEs, provided more homogeneous tracer distribution in the whole phantom than in the original PET image. The human PET study of both sexes revealed significant negative correlations between age and relative FDG activity in the bilateral perisylvian and medial frontal areas before PVE correction. However, these negative correlations were largely resolved after PVE correction. Conclusion: Correction for PVEs was effective in our FDG PET study. The reduction in FDG uptake with advancing age that was detected by FDG PET without PVE correction could be accounted for largely by an age-related cerebral volume loss in the bilateral perisylvian and medial frontal areas.
Introduction
Although the relationship between aging and cerebral glucose metabolism in healthy individuals has been repeatedly examined using 18 F-fluorodeoxyglucose ( 18 F-FDG) and positron emission tomography (PET), inconsistent results have been reported. Some investigators have not observed any age-dependent changes [1] [2] [3] , while others have reported an age-dependent decline in glucose metabolism, especially in the frontal regions [4] [5] [6] [7] [8] [9] [10] [11] [12] . This may, at least in part, be due to the relatively small sample sizes in these studies [1-5, 7, 10] as well as to the limited spatial resolution of PET, which leads to underestimation of true radioactivity [i.e. partial volume effects (PVEs)], particularly in the small structures of the brain.
Recently, the high-resolution anatomical detail available with magnetic resonance imaging (MRI) techniques has led to the development of MR-based methods to correct PET or single-photon emission computed tomography (SPECT) data for PVEs [13] [14] [15] [16] [17] [18] . Matsuda et al. [18] applied this approach in healthy men in order to investigate aging effects on brain perfusion SPECT before and after correction for PVEs. On the other hand, PET is a more sophisticated imaging technique with higher spatial resolution than SPECT, and therefore it is thought that PVEs exert less of an effect on PET studies than on SPECT studies. However, to date, no studies have been conducted to investigate the aging effects on FDG PET results using the algorithm that corrects for PVEs. Thus, the aim of this study was to investigate the effects of this newly developed PVE correction algorithm on FDG PET results in the context of normal aging in a relatively large cohort.
Materials and methods

Subjects
We studied 200 consecutive volunteers who were recruited in response to advertisements in community newspapers, and we considered 139 subjects among them to be "healthy" according to the prospective inclusion criteria described below. The subjects were 71 men (25-81 years old, mean±SD 51.8 ± 12.7 years) and 68 women (24-79 years old, mean±SD 54.6±15.1 years). Men and women did not differ significantly in age (Student's t test). Of these subjects, 134 were right-handed and the remaining subjects were left-handed. All subjects were ethnically Japanese and had an adequate educational background (≥8 years of education).
All subjects underwent medical screening, including completion of a questionnaire regarding medical history, general and neurological examination, neuropsychological testing on the Mini-Mental State Examination (MMSE) [19] and brain MRI. Those subjects with subjective memory complaints were included if they had an MMSE score of 28 or higher and no clinical evidence of dementia. Those subjects with a history of significant head trauma, psychiatric or neurological disorders, uncontrolled major systemic diseases and current use of centrally acting drugs were excluded from this study. Those with an MMSE score of less than 28 or any meaningful abnormality on the neurocognitive and/or neuropsychological studies were also excluded. In addition, T2-weighted MRI or MR angiography detected no asymptomatic cerebral infarction or brain vessel abnormalities in any of the subjects included in the study. Before the examinations were carried out, written informed consent was obtained from all subjects according to the guidelines of the institutional ethical committee.
Imaging protocol
All subjects underwent FDG PET and MRI on the same day, as well as the neurocognitive and neuropsychological examinations described above.
MRI
All MR studies were performed using a 1.5-T system (Signa Horizon, General Electric Medical Systems, Milwaukee, WI). A three-dimensional (3D) volumetric acquisition of a T1-weighted gradient echo sequence produced a gapless series of thin transaxial sections using a magnetisation preparation rapid acquisition gradient echo sequence (echo time/repetition time 2.0/9.2 ms, flip angle 20°, acquisition matrix 256×192, number of slices 124, pixel size 0.78×1.04, slice thickness 1.4 mm).
FDG PET
The subjects fasted for at least 4 h prior to PET scanning. Before PET was performed, an intravenous line was established in all subjects. Each subject was placed supine on a bed. The subject's eyes were closed and covered with a mask; the ears were unoccluded, and the background noise was kept at a minimal level. Twenty minutes later, 370 MBq of 18 F-FDG was injected intravenously and PET imaging was initiated 40 min later for 10 min. Transmission scan was carried out for 10 min using rotating 68 Ge pin sources. PET imaging was performed using a full-ring PET scanner (Advance, General Electric Medical Systems, Milwaukee, WI). This system has a spatial resolution of 6 mm full-width at half-maximum (FWHM) after reconstruction. Images were reconstructed using a 2D method of ordered subset expectation maximisation algorithm with a Hanning filter with a cut-off frequency of 0.5 and a zoom of 2.03. The image data matrix was 128×128 with a pixel size of 2.11 mm and a slice thickness of 4.25 mm. Both attenuation and scatter corrections were employed during image reconstruction.
PVE correction
The detailed procedures associated with the correction algorithm for PVEs were carried out in the same manner as that described by Matsuda et al. [18] . In brief, an original PET image (Fig. 1b) was co-registered to MRI after scalp editing (Fig. 1d) of an original MR image (Fig. 1a) using a binary mask for whole brain (Fig. 1c) . The original MRI was segmented into white matter (Fig. 1f) , grey matter ( Fig. 1g ) and cerebrospinal fluid using Statistical Parametric Mapping 99 (SPM99). Segmented images were convoluted with the point spread function of the PET device. This procedure of identification of spatial resolution between grey matter PET and MR images makes it possible to correct PVEs by division of these two images in the final step. A white matter PET image (Fig. 1h ) was then simulated from the convoluted white matter MR image (Fig. 1h) . For this simulation, to obtain the maximum count for white matter of PET, the region of interest (ROI) was automatically determined by setting the threshold to >95% of the maximum count density of white matter MR images (Fig. 1j) . Grey matter PET images were obtained by subtraction of the simulated white matter PET image from the original PET image co-registered to MRI (Fig. 1e) . Lastly, the grey matter PET image (Fig. 1k) was divided by the convoluted grey matter MR image (Fig. 1i ) on a voxel-by-voxel basis. A grey matter PET image with PVE correction (Fig. 1m) was finally obtained by the application of a binary mask for grey matter (Fig. 1l) to the divided image. Each step of the PVE correction algorithm was carefully checked by visual inspection to confirm that each step had been appropriately processed. The entire procedure is summarised in Fig. 1 .
Phantom study
To validate the PVE correction method, a Hoffman 3D brain phantom (Biodex Medical Systems, Inc.) [20] experiment was performed. For Fig. 2 . a MR image, b original PET image before PVE correction, and c PET image corrected for PVEs for Hoffman 3D brain phantom. d, e Relationship between regional PET counts and regional grey matter volume in the Hoffmann phantom, before and after PVE correction; see text for further details the PET and the MRI acquisitions, the phantom was filled with a solution containing 37 MBq 18 F and 4 mmol/ml CuSO 4 , respectively. The MRI and PET data of the filled phantom were then acquired in the same manner as in the human study. PVE correction of the PET data was performed as described above.
Image formatting and analysis
Grey matter PET images before and after atrophy correction and convoluted grey matter images segmented from MRI were spatially normalised in SPM99 to a standardised stereotactic space based on the Talairach and Tournoux atlas [21] , using 12-parameter linear affine normalisation and further 12 non-linear iteration algorithms with the original template for FDG PET that was previously prepared by the National Center of Neurology and Psychiatry (Tokyo, Japan). Images were then smoothed using a 9-mm FWHM isotropic Gaussian kernel and masked using the binary mask for the grey matter derived from the original template. The initial parameters of the image matrix were 128×128×35. The final image format was 16 bit, with a matrix size of 79×95×68 and a voxel size of 2×2×2 mm.
The data were analysed using the SPM99 program. Statistical parametric maps are spatially extended statistical processes used to characterise regionally specific effects in imaging data. SPM99 combines the general linear model and the theory of Gaussian fields [22] to make statistical inferences about regional effects. We examined the correlation of advancing age with relative regional FDG activity by normalising to the global area using SPM99 in order to reveal any age-related changes in relative metabolic distribution before and after PVE correction. The resulting set of values for each contrast constituted a statistical parametric map of the t statistic SPMt. The SPMt maps were then transformed to the units of normal distribution (SPMZ), and the height threshold was set to p<0.001. The resulting regions were then examined in terms of multiple comparisons. Extent threshold was set to 0 voxel. Correlation of advancing age with grey matter volume was also examined using voxel-based morphometry in the same manner as that described by Ohnishi et al. [23] . In brief, spatial normalisation fitted each individual brain to a standard template brain [21] in 3D space. Normalised MR images were then segmented into grey matter, white matter, cerebrospinal fluid and other compartments. The grey matter images were smoothed with a 12-mm, FWHM isotropic Gaussian kernel to use the PVE to create a spectrum of grey matter intensities. Proportional scaling was used to achieve global normalisation of voxel values between images. The procedures of statistical analysis were carried out in the same manner as that described above.
Quantitation of absolute FDG activity in the Hoffman 3D phantom, and young vs elderly small subgroup study
To estimate the effect of PVE correction on absolute FDG activity, we performed an ROI approach in the phantom and small subgroups of young subjects (n=8, 24-31 years old) and elderly subjects (n=8, 76-81 years old). In this analysis, circular ROIs (8 mm diameter) were outlined by using SPM99 on the grey matter MR images that were segmented from the original MR images and further convoluted with equivalent spatial resolution to PET. These ROIs included eight (four on the left plus four on the right) parietal lobe areas and eight (four on the left plus four on the right) frontal lobe areas on the phantom data. In the young and elderly subgroups, these ROIs included eight (four on the left plus four on the right) perisylvian areas, in which an age-related cerebral volume loss was found in previous voxel-based morphometric studies [18, 24] , and eight (four on the left plus four on the right) occipital lobe areas as control. The mean ROI values were then summarised for each lobe area. For the phantom, where true FDG activity was known, measured FDG activity, expressed as kBq/ml, and percentage of true FDG activity were obtained before and after PVE correction for each lobe area. For the clinical data, percentage change in measured absolute FDG activity was calculated from images before and after PVE correction. Between-subgroup comparisons were examined with Student's t test, and p<0.05 was considered significant.
Results
Phantom study
The PET image corrected for PVEs provided more homogeneous tracer distribution throughout the phantom than was observed in the original PET image (Fig. 2a-c) . Relative regional PET counts showed a linear correlation with the relative grey matter volume obtained from convoluted MRI before PVE correction in the scatter plots (Fig. 2d) . After PVE correction, this linear relationship became flat ( Fig. 2e) , which was indicative of uniform PET counts throughout the phantom, irrespective of regional volume.
Aging effects on relative regional FDG activity and grey matter volume
Before PVE correction, significant negative correlations between age and relative FDG activity in men were observed in the bilateral anterior cingulate gyri, left insula, bilateral inferior frontal gyri, left superior temporal gyrus, right caudate nucleus, right rectal gyrus and right medial frontal gyrus (Table 1, Fig. 3a) . After PVE correction, significant negative correlations between age and relative FDG activity were observed in the bilateral anterior cingulate gyri, left precentral gyrus, bilateral inferior frontal gyri, left middle temporal gyrus and bilateral paracentral lobules (Table 1 , Fig. 3b ). Before PVE correction, significant positive correlations between age and relative FDG activity in men were observed in the bilateral paracentral lobules, left middle occipital gyrus, right precentral gyrus, bilateral lentiform nuclei and left inferior parietal lobule (Table 1, Fig. 4a) . After PVE correction, significant positive correlations be- Fig. 3 . Maximum intensity projections of SPM99 results for negative correlation of relative FDG activity with advancing age in men and women before (a, c) and after (b, d) PVE correction. Height threshold <0.001, corrected for multiple comparisons tween age and relative FDG activity were observed in the right precentral gyrus (Table 1, Fig. 4b) .
Before PVE correction, significant negative correlations between age and relative FDG activity in women were observed in the bilateral insulae, right anterior cingulate gyrus, bilateral inferior frontal gyri, bilateral caudate nuclei, right precentral gyrus, right superior temporal gyrus and bilateral cingulate gyri (Table 2 , Fig. 3c ). After PVE correction, significant negative correlations between age and relative FDG activity were observed in the right anterior cingulate gyrus and left inferior frontal gyrus (Table 2, Fig. 3d) .
Before PVE correction, significant positive correlations between age and relative FDG activity in women were observed in the bilateral paracentral lobules, right thalamus, bilateral cerebellar hemispheres, right lentiform nucleus, bilateral postcentral gyri and right precentral gyrus ( Table 2 , Fig. 4c ). After PVE correction, significant positive correlations between age and relative FDG activity were observed in the left superior temporal gyrus and left postcentral gyrus ( Table 2 , Fig. 4d ).
Significant negative correlations between age and regional grey matter volume in men were observed in the bilateral superior temporal gyri, bilateral insulae and bilateral subcallosal gyri (Table 3 , Fig. 5a ). On the other hand, significant positive correlations between age and regional grey matter volume were not observed (Table 3 , Fig. 5b) . Significant negative correlations between age and regional grey matter volume in women were observed in the bilateral insulae, bilateral superior temporal gyri, bilateral caudate nuclei, right inferior frontal gyrus, right subcallosal gyrus, right posterior cingulate gyrus, right anterior cingulate gyrus, right uncus and right postcentral gyrus (Table 4 , Fig. 5c ). Significant positive correlations between age and regional grey matter volume were observed in the bilateral cerebellar hemispheres, left parahippocampal gyrus and left middle temporal gyrus (Table 4 , Fig. 5d ).
Quantitation of absolute FDG activity in the Hoffman 3D phantom, and young vs elderly small subgroup study using the ROI approach Measured absolute FDG activities before and after PVE correction in the phantom are summarised in Table 5 . There was significant underestimation of radioactivity before PVE correction particularly in parietal lobe areas, which largely resolved and approached true FDG activity after PVE correction. As a result of this effect, the measured FDG activity of both parietal and frontal lobe areas became equivalent after PVE correction in the phantom study, as also shown in Fig. 2c , e.
In the analysis of the young vs elderly subgroups, both subgroups showed a significant increase in absolute FDG activity after PVE correction ( Table 6 ). The elderly subgroup had a significantly greater percentage increase in absolute FDG activity than did the younger subgroup (p< 0.0001) with PVE correction in the perisylvian areas, where age-related volume loss was most prominent in the voxelbased morphometric study. On the other hand, the difference between the young and elderly subgroups was not significant (p=0.0614) in the occipital lobe areas (Table 6) , where age-related volume loss was less significant.
Discussion
Validation of the PVE correction algorithm by the phantom study
There are two MRI-based approaches to the correction of PVEs in PET or SPECT images. The two-compartment method [15, 16] corrects PET or SPECT data for the diluting effects of cerebrospinal fluid spaces. The three-compartment method [13, 14, 17, 18] accounts for the effect of partial volume averaging between grey and white matter.
Before the human study was performed, we applied the three-compartment PVE correction algorithm to a brain phantom because we believe that only the phantom study, where true radioactivity is known, can validate the adequacy of a PVE correction algorithm in an objective manner. As a result, PVE correction provided a much more homogeneous radioactivity distribution throughout the phantom than that in the original PET image. Moreover, the measured absolute FDG activity after PVE correction approached true FDG activity, as shown in Table 5 , indicating that the entire PVE correction process gives logical and reproducible results. As in a prior perfusion SPECT study [18] , this PVE correction method was also effective in our Prior PET studies of the relationship between aging and cerebral glucose metabolism: a comparison with our study using the PVE correction method Many studies have been carried out to investigate the relationship between aging and cerebral glucose metabolism in healthy individuals using FDG PET. In earlier FDG PET investigations, Hawkins et al. [1] , de Leon et al. [2] and Duara et al. [3] observed no age-dependent changes. On the other hand, other groups have reported an age-dependent decline in glucose metabolism, especially in the frontal regions [4] [5] [6] [7] [8] [9] 11] . In these previous studies [1] [2] [3] [4] [5] [6] [7] [8] [9] 11] , ROI approaches were used. Moreover, recent investigations have introduced voxel-by-voxel analysis in the stereotactic space using anatomical standardisation techniques to avoid subjectivity and to adopt the principle of data-driven analysis. Petit-Taboue et al. [10] first reported the use of SPM software to investigate aging effects on cerebral glucose metabolism in an FDG PET study. They reported a significant decline in regional cerebral metabolic rate for glucose (rCMRglu) with age in the perisylvian temporoparietal and anterior temporal areas, insula, inferior and posterior-lateral frontal regions, anterior cingulate cortex, head of caudate nucleus and anterior thalamus, in a bilateral and essentially symmetrical fashion. Herholz et al. [12] also reported a significant decline in rCMRglu with age in the anterior cingulate and in the frontolateral perisylvian cortex bilaterally. In these prior PET studies, the most common reductions with advancing age were observed in the dorsolateral and medial frontal areas and the perisylvian and insular cortices [25] .
To date, there have been no reports on the relationship between aging and regional cerebral glucose metabolism using the three-compartment PVE correction algorithm in an FDG PET study. Here, for the first time, an approach was utilised to correct for PVEs in order to study cerebral glucose metabolism in an FDG PET study. Furthermore, the relatively large sample size in this study should have provided more robust results as compared with previous studies investigating aging effects on brain glucose metabolism [1-5, 7, 10] . In men, our findings revealed significant negative correlations between age and relative FDG activity in the bilateral perisylvian and medial frontal areas before PVE correction. However, after PVE correction, negative correlations between age and relative FDG activity were resolved in a large portion of those areas. In women, our findings also revealed significant negative correlations between age and relative FDG activity in the bilateral perisylvian and medial frontal areas before PVE correction. In addition, it was more obvious in women that negative correlations between age and relative FDG activity were almost resolved in those areas. Since the bilateral perisylvian and some parts of the medial frontal areas showed significant atrophy with advancing age in our voxel-based morphometry study of both sexes, resolution of the negative correlations after PVE correction in a large portion of those areas indicates that the reduced glucose metabolism with advancing age reported in the perisylvian and medial frontal areas [10, 12] could be largely due to PVEs associated with an age-related cerebral volume loss. Although the influence of gender on rCMRglu and on the effect of aging on brain metabolism are controversial [6, [26] [27] [28] [29] [30] [31] , our findings revealed that, for both sexes, significant negative correlations existed between age and relative FDG activity in the bilateral perisylvian and medial frontal areas before PVE correction and that these negative correlations were largely resolved after PVE correction. On the other hand, before PVE correction a significant positive correlation between age and relative FDG activity, reflecting the preservation of regional glucose metabolism, was observed in the bilateral sensorimotor cortices and basal ganglia nuclei in both sexes, small parts of the occipital and parietal lobes in men, and the cerebellar hemispheres in women. These results were in accordance with the results from prior FDG PET studies [10, 12] . However, these positive correlations were almost resolved after PVE correction, indicating that the relative preservation against aging effects would be overestimated in these areas.
Matsuda et al. [18] first reported the use of the threecompartment method for investigation of the aging effects on regional cerebral blood flow (rCBF) before and after PVE correction in a 99m Tc-ethylcysteinate dimer (ECD) perfusion SPECT study of 52 healthy men. They reported that there were significant negative correlations between age and adjusted rCBF in the bilateral insulae, bilateral superior temporal gyri, right inferior frontal gyrus, right anterior cingulate gyrus and right parahippocampal gyrus before Values are expressed in kBq/ml. Numbers in parentheses are percentages of true FDG activity. PVE correction, and that there were significant negative correlations between age and adjusted rCBF in the bilateral insulae, bilateral superior temporal gyri, bilateral inferior frontal gyri, right middle temporal gyrus, bilateral anterior cingulate gyri, right superior frontal gyrus, right parahippocampal gyrus and right medial frontal gyrus after PVE correction. They concluded that the significant negative correlations in the perisylvian and medial frontal areas before PVE correction remained significant after PVE correction, and thus suggested that there is a potential true decline in rCBF with advancing age in these regions. These results are to some extent similar to those of our FDG PET study; however, some differences between results were observed in the perfusion SPECT study by Matsuda et al. [18] and our FDG PET study, in that the areas which showed an age-related decline in FDG uptake in our PVEcorrected FDG PET study were smaller than those showing an age-related decline in rCBF in the perfusion SPECT study [18] . The discrepancies between the findings might be related to differences in methodology or in the spatial resolution in the perfusion SPECT study [18] and our FDG PET study. Although Bentourkia et al. [32] revealed a coupling between rCBF and rCMRglu as a function of age, our results suggest that there are some differences between rCBF and relative FDG activity.
Neuropathological aspects
Cerebral glucose metabolism is related to glucose consumption in neural cells, especially in the synapses [33] . Several investigators have reported an age-related reduction in synaptic density or in synaptic count in the human cerebral cortex, and such reductions have most consistently been reported in the frontal neocortex [34] [35] [36] [37] [38] . On the other hand, Terry et al. [39] revealed constant cortical neuronal density with advancing age. However, to date, no report has described whether or not such synaptic or neuronal changes occur with advancing age in the perisylvian and medial frontal areas which showed age-related cerebral volume loss and, in a small area, metabolic decline after PVE correction in our study. Thus, there is still great need for further histological and immunohistochemical examinations of these areas during normal aging.
Comparison of normal aging and Alzheimer's disease
Alzheimer's disease (AD) is the most common type of dementia, and it occurs more frequently with advancing age. Very early AD is characterised by hypometabolism in the posterior cingulate cortex and precuneus, as observed by FDG PET [40] . These changes clearly differ from those in the present study of normal aging, indicating that the metabolic changes associated with normal aging would be distinct from those of AD. The atrophy of small brain structures such as the hippocampal formation already occurs at the early stage of AD [23, 41] ; it is therefore possible that PVEs exert more influence on the results of imaging studies of AD patients. Thus, this PVE correction method for FDG PET may be essential to achieve a more accurate assessment of metabolic changes in people with degenerative dementias such as AD.
Methodological considerations
Since we carried out non-invasive assessment without arterial blood sampling to investigate the relative distribution of FDG activity, the absolute quantitation of rCMRglu was not determined in this study. This was principally because the main goal of this study was to investigate the effects of the newly developed PVE correction algorithm on age-related changes in FDG activity, and because the uncomfortableness associated with arterial blood sampling may have an influence on brain glucose metabolism. Furthermore, Petit-Taboue et al. [10] reported that the effects of advancing age yielded essentially the same peak coordinates, regardless of whether the absolute rCMRglu or the adjusted rCMRglu, which was normalised to grand mean across subjects, was used in the SPM analysis. Thus, it is not likely that our main finding that reduced FDG uptake could be accounted for largely by an age-related cerebral volume loss would have been changed by the use of absolute quantitation. Nevertheless, absolute quantitation would be of relevance to achieve an overview of how PVE correction works in terms of absolute values. Therefore, we performed quantitation of absolute FDG activity in the Hoffman 3D phantom, and a young vs elderly small subgroup analysis using the ROI approach to estimate the impact of PVE correction on measured absolute FDG. In the phantom, we revealed that the significant underestimation of FDG activity measured by conventional PET without PVE correction largely resolved and approached true FDG activity after PVE correction. In the analysis of young vs elderly subgroups, both subgroups showed a significant increase in absolute FDG activity after PVE correction. It is of note that the elderly subgroup had a significantly greater percentage increase in absolute FDG activity than did the young subgroup with PVE correction in the perisylvian areas, where age-related volume loss was most prominent in the voxel-based morphometric study. These results indicate that PVE correction has a significant impact on measured absolute radioactivity and, therefore, it will be necessary for accurate quantitation of radioactivity in small structures.
Conclusion
We applied an MRI-based, three-compartment PVE correction method to PET data from healthy subjects. Correction for PVEs was effective in our FDG PET study. Our study indicated that reduction in FDG uptake with advancing age, detected by FDG PET without PVE correction, could be accounted for largely by an age-related cerebral volume loss in the bilateral perisylvian and medial frontal areas.
